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ABSTRACT
In recent years, lead-free metal-halide perovskite photovoltaics has attracted ever-growing attention, in view of its potential to replicate the
outstanding properties of lead-halide perovskite photovoltaics, but without the toxicity burden of the latter. Despite a research effort much
smaller in scale than that pursued with lead-based perovskites, considerable progress has been achieved in lead-free perovskite photovoltaics,
with the highest power conversion efficiencies now being in the region of 13%. In this Perspective, we first discuss the state of the art of lead-
free perovskite photovoltaics and additionally highlight promising directions and strategies that could lead to further progress in material
exploration and understanding as well as in photovoltaic efficiency. Furthermore, we point out the widespread lack of experimental data on
the fundamental optoelectronic properties of lead-free halide perovskite absorbers (e.g., charge carrier mobility, defect parameters, Urbach
energy, and the impact of dimensionality). All of this currently hampers a rational approach to further improving their performance and
points to the need for a concerted effort that could bridge this knowledge gap. Additionally, this Perspective brings to the fore the manifold
photovoltaic opportunities—thus far largely unexplored with lead-free perovskite absorbers—beyond single-junction outdoor photovoltaics,
which may potentially enable the realization of their full potential. The exploration of these opportunities (tandem photovoltaics, indoor
photovoltaics, and building-integrated and transparent photovoltaics) could energize the investigation of existing and new classes of lead-free
perovskite absorbers beyond current paradigms and toward high photovoltaic performance.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0022271., s
I. INTRODUCTION
Over the past decade, lead-halide perovskites have reached
prominence in photovoltaics and beyond,1–6 delivering a tremen-
dous rise in single-junction power conversion efficiency (PCE)
(now greater than 25%)7 through remarkably simple manufactur-
ing processes. Apart from instability issues currently being tack-
led,8 their reliance on toxic lead is a fundamental limiting factor
preventing lead-halide perovskite photovoltaics from reaching com-
mercial maturity as an alternative to silicon-based photovoltaics.
This has spurred researchers to look for alternative metal-halide
perovskite absorbers with closely related properties yet lead-free.9
Prominent classes of such absorbers comprise tin-based and
germanium-based perovskites and derivatives, antimony-based and
bismuth-based perovskite derivatives, and double perovskites. Con-
siderable progress has been recently achieved in this area—with their
highest single-junction PCE now at 13.2%—despite a research effort
incomparably smaller in scale and spanning a much shorter time
than lead-based perovskite photovoltaics research.
This Perspective provides a timely fresh look at the sta-
tus and prospects of the rapidly evolving area of lead-free per-
ovskite absorbers for photovoltaics. It first surveys the main
classes of lead-free metal-halide perovskite absorbers—tin-based,
germanium-based, bismuth-based, and antimony-based and halide
double perovskites (HDPs)—highlighting the most promising solu-
tions explored to date. This is followed by a discussion of the most
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important challenges in lead-free perovskite photovoltaics, with a
particular focus on photovoltaic efficiency and stability character-
ization. General strategies that may enable these challenges to be
overcome are also jointly discussed. Subsequently, this Perspective
highlights key outstanding questions in the area of lead-free per-
ovskite absorbers for photovoltaics, identifying as a priority area the
detailed investigation of their charge transport and defect properties,
as well as the role of dimensionality. Finally, this Perspective looks at
the opportunities beyond single-junction solar harvesting that could
realize the full photovoltaic potential of lead-free perovskites in the
near future.
II. STATUS OF LEAD-FREE PEROVSKITE
PHOTOVOLTAICS
In this section, we provide an overview of the status of photo-
voltaics research based on lead-free perovskite absorbers, highlight-
ing the most recent developments. While a very large number of
lead-free perovskite absorbers have been pursued to date, our dis-
cussion focuses on the material families that have attracted the most
interest because of their photovoltaic potential, i.e., tin-based and
germanium-based perovskites and derivatives, antimony-based and
bismuth-based perovskite derivatives, and double perovskites (see
Fig. 1 for their structures and constituents).
A. Tin-based perovskites and derivatives
A mainstream strategy for lead-free perovskite photovoltaics
involves the replacement of lead with same-group tin.10 The result-
ing tin-based perovskites and derivatives have been central in lead-
free perovskite photovoltaics, thus far delivering the highest PCE
(13.24%).11
Since Sn2+ has a similar ionic radius as Pb2+, tin allows the
formation of ASnX3 perovskites (with A being a monovalent cation
and X being a halide anion), which possess a three-dimensional
(3D) structure analogous to that of the mainstream lead-based per-
ovskites [Fig. 1(a)]. MASnI3 [MA: methylammonium, see Fig. 1(h)],
FASnI3 [FA: formamidinium, see Fig. 1(h)], and CsSnI3 have been
at the forefront of tin-based perovskite research. In addition to their
structural and optoelectronic similarity with their lead-based coun-
terparts, the attractiveness of these absorbers relates to their direct
gaps in the region of 1.3 eV–1.4 eV [see Fig. 2(a) for their absorption
spectra],12 which are ideal for single-junction photovoltaics. The
resulting solar cells have delivered excellent short-circuit current (in
many instances >20 mA cm−2) but have generally suffered from low
open-circuit voltage Voc (often in the range of 0.3 V–0.4 V), lead-
ing to PCE values typically <7%.12 This has been traced to several
issues, most importantly (a) the inherent tendency of Sn2+ to oxi-
dize into Sn4+, leading to severe device instability and a large carrier
background due to concurrent p-type doping,13,14 and (b) a high
defect density due to morphological imperfections.15 An approach
that has been widely pursued to mitigate the instability issue involves
the use of reducing agents as additives.16–19 This has led to PCE
values up to ∼10% [Fig. 2(e)] and improved stability, the latter
being, nonetheless, unsuitable for real-world applications18,19 (e.g.,
a PCE reduction of 30% after hundreds of minutes in low relative
humidity19). Most recently, PCE values up to 13.24% [Fig. 2(e)]—
the highest to date for all lead-free perovskite absorbers—
have been achieved through defect passivation and lattice-strain
reduction.11,20,21
In order to overcome the issues faced by ASnX3 photovoltaics,
a number of alternative tin-based approaches have been pursued
based on the manipulation of the perovskite structure. One such
approach involves tin-based vacancy-ordered (VO) double per-
ovskites, which manifest superior stability but have achieved rather
low PCE to date (see Sec. II D). Another notable route involves “hol-
low” perovskites, in which medium-sized cations are used to pro-
duce structural voids within a 3D perovskite structure [Fig. 1(b)].22
This has resulted in promising PCE values [∼7%, see Fig. 2(e)]
and improved stability compared to additive-free ASnX3.23 Higher
FIG. 1. Lead-free halide perovskites: (a)–(f) common structures; common (g) inorganic and (h) organic constituents.
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FIG. 2. Normalized absorbance of representative materials: (a) tin-based;18,20,23,25,33,34 (b) germanium-based;29–31 (c) antimony-based and bismuth-based;35–38 (d) double
perovskites.39–41 The AM 1.5G spectrum is overlaid for the sake of comparison. (e) Single-junction PCE under AM 1.5G illumination vs optical gap of representative absorbers
(solid symbols);11,18,20,21,23,25,29–32,35,37,39–50 single-junction theoretical solar cell efficiency under AM 1.5G illumination in the Shockley–Queisser limit (line).
PCE values have been achieved through dimensional manipula-
tion, with a particularly promising route involving “2D/3D” per-
ovskites, in which 3D domains are mixed with layered (i.e., quasi-
two-dimensional) domains.24–26 In fact, the bulky cations of the lay-
ered phase have been identified as conducive to enhanced stability.27
PCE values in the region of 9% and up to 12.4% have been achieved
with the latter approach24–26 [Fig. 2(e)], along with a shelf-life of
3800 h for encapsulated devices.25
B. Germanium-based perovskites and derivatives
The interest in germanium-based perovskites arises from the
electronic similarity of Ge2+ with Pb2+, which enables the formation
of structurally 3D AGeX3 perovskites (with A being a monovalent
cation and X being a halide anion).1 In regard to single-junction
photovoltaics, the most promising candidate has been identified in
CsGeI3, due to its direct gap of 1.63 eV [Fig. 2(b)].28 The use of
lighter halogens or alternative A-site cations leads to wider bandgaps
[e.g., 2.0 eV for MAGeI3, see Fig. 2(b)].28,29
Despite their high theoretical single-junction efficiency in the
Shockley–Queisser limit (e.g., ≈30% for CsGeI3), very few reports on
germanium-based-perovskite photovoltaics have appeared to date.
This can be traced to the pronounced instability arising from the
tendency of Ge2+ to oxidize into Ge4+.28 The highest reported PCE
is ∼0.6% [Fig. 2(e)] and has been achieved through compositional
engineering and morphological improvements of the perovskite
layers.29,30
An alternative direction in Ge-based-perovskite photovoltaics
involves absorbers in which germanium is alloyed with tin, lead-
ing to ASn1−xGexX3. A particularly promising result was obtained
with CsSn0.5Ge0.5I3, which delivered a PCE of 7.11% [Fig. 2(e)] along
with improved stability with respect to the CsSnI3 case.31 This was
attributed to the enhanced stability resulting from alloying and to
the passivating effect of the native germanium oxide formed at the
perovskite surface and interfaces. Moreover, the trap-healing effect
of germanium in FA0.75MA0.25Sn1−xGexI3 was recently shown to
deliver a PCE of 7.9% [Fig. 2(e)].32
C. Antimony-based and bismuth-based perovskite
derivatives
Antimony and bismuth have emerged as attractive for the
development of lead-free perovskite absorbers due to their low tox-
icity and the electronic similarity of their 3+ cations with Pb2+.51
A3B2X9 absorbers (B3+ = Sb3+ or Bi3+) may come in two different
phases: a dimer phase (0.5-dimensional, i.e., 0.5D, following Xiao
et al.)52 featuring isolated face-sharing metal-halide bi-octahedra
[Fig. 1(c)] and a layered phase (2.5-dimensional, i.e., 2.5D, follow-
ing Xiao et al.)52 featuring planes of corner-sharing metal-halide
octahedra [Fig. 1(d)].53 Research efforts have primarily focused on
0.5D ternary iodide absorbers (A3B2I9, with A = Cs+, MA+), which
have bandgaps in the region of 2.1 eV–2.4 eV [Fig. 2(c)].54–56 While
this points to considerable potential for tandem photovoltaics (see
Sec. IV), research on 0.5D Sb-based and Bi-based absorbers to date
has narrowly focused on single-junction photovoltaics. While the
majority of the early studies on 0.5D absorbers delivered rather mod-
est PCE (<1%),54,56,57 recent developments—building on the use of
additives,35,58 optimized transport layers,35 or dedicated deposition
protocols45,46—have led to significant performance improvement,
with the PCE reaching 2.8% for 0.5D MA3Sb2I9 and 3.2% for 0.5D
A3Bi2I9 (A = Cs+, MA+) [Fig. 2(e)],35,45,46 in some instances also
with excellent device stability in air (e.g., non-encapsulated devices
retaining 97% of their initial PCE over a period of 60 days).45
The higher dimensionality of 2.5D antimony-based and
bismuth-based A3B2X9 absorbers makes them more attractive for
photovoltaics, also in view of their narrower bandgaps [Fig. 2(c)]
and smaller exciton binding energy and effective masses.55,59 While
mainstream MA3B2I9 and Cs3B2I9 (B3+ = Sb3+, Bi3+) come in the
0.5D phase when deposited through conventional methods, 2.5D
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A3M2X9 absorbers have been demonstrated through dedicated pro-
cessing protocols,59–61 or halide mixing,37,43,62 or the use of smaller
A-site cations such as Rb+.38,63 A PCE of 1.4% has been achieved
with 2.5D Rb3Sb2I9 [Fig. 2(e)], with both a mesoporous and a planar
device structure.38,47 Moreover, PCEs of 2.2% and 3.34% have been
recently obtained with 2.5D Cs3Sb2ClxI9−x and MA3Sb2ClxI9−x,
respectively [Fig. 2(e)].37,42
D. Halide double perovskites (HDPs)
Cation-ordered halide double perovskites (CO-HDPs) have
attracted significant attention in view of their nominally appealing
three-dimensional structure. They have a general formula A2BB′X6,
where B and B′ are a monovalent cation and a trivalent cation,
respectively, alternating at the octahedra centers of a perovskite lat-
tice [while A is a monovalent cation and X is a halide anion, see
Fig. 1(e)].64 Additionally, HDPs comprise vacancy-ordered (VO)
embodiments, with a general formula A2BX6 and featuring the alter-
nation of a tetravalent cation B4+ and a B-vacancy at the octahe-
dra centers of a perovskite lattice [Fig. 1(f)].65 Therefore, in con-
trast to cation-ordered HDPs, vacancy-ordered HDPs are struc-
turally quasi-zero-dimensional (quasi-0D), in consideration of the
fact that neighboring [BX6]2− octahedra are isolated from one
another.66
Cation-ordered HDPs constitute a very broad material class,
with more than 350 compounds synthesized to date and many more
predicted.67 Photovoltaics research has primarily focused on silver–
bismuth HDPs such as Cs2AgBiX6 (X = Cl or Br). Due to their
large and indirect gaps (2 eV–2.3 eV) as well as the presence of
obvious excitonic features [see Fig. 2(c)],65,68 these absorbers do
not represent the ideal choice for single-junction photovoltaics. For
instance, the single-junction spectroscopic limited maximum effi-
ciency (which quantifies the maximum achievable efficiency taking
into account the magnitude of the absorption coefficient and the
nature of the bandgap)69 for Cs2AgBiBr6 is ∼8%.70 In fact, despite
their 3D structure, these cation-ordered HDPs are electronically 0D,
as the orbitals contributing to their band edges are spatially iso-
lated.52 Their low-toxicity profile and 3D structure have nonethe-
less prompted their investigation for photovoltaics, also encour-
aged by their long carrier lifetimes (≈600 ns)48,71 and outstanding
stability in air (e.g., non-encapsulated devices showing no obvi-
ous PCE degradation after 30 days in air).72 The highest PCE val-
ues in single-junction devices to date are in the region of 2.2%–
2.8% [Fig. 2(e)],40,48–50 with the highest performance being achieved
in combination with an organic interlayer that slightly increases
the overall photon absorption beyond the onset of the perovskite
absorber.49
Owing to the limitations of the Cs2AgBiX6 (X = Cl, Br) sys-
tem, research efforts in HDP photovoltaics have also been directed
at the synthesis and assessment of alternative cation-ordered HDPs
with narrower gaps. While using iodine as the halogen in Cs2AgBiX6
could potentially deliver in this direction, Cs2AgBiI6 has been gen-
erally dismissed due to thermodynamic instability considerations.73
However, recent progress in the synthesis of colloidal Cs2AgBiI6
nanocrystals with a bandgap of 1.75 eV indicates that Cs2AgBiI6
offers a promising opportunity.74 An alternative approach that has
attracted attention involves the substitution of bismuth with anti-
mony. A representative compound of this class is Cs2AgSbBr6,
which delivers an indirect gap of ∼1.64 eV, yet the PCE reported
to date is rather poor (0.01%).75 Another system that has been
proposed is Cs2AgInX6, which has a direct gap, yet associated with
an undesirable parity-forbidden transition.76
Vacancy-ordered HDP research has thus far focused on
Cs2SnX6 and Cs2TiBr6. In contrast to the case of ASnX3 perovskites,
tin is present in its stable 4+ oxidation state in Cs2SnX6 compounds,
thus making them more robust against degradation. With a direct
gap of 1.3 eV–1.6 eV [Fig. 2(d)],12 Cs2SnX6 absorbers inherently
overcome the issues thus far affecting cation-ordered HDPs, and
their Shockley–Queisser efficiency limit for single-junction photo-
voltaics is greater than 25% [Fig. 2(e)].77,78 The highest PCE achieved
with Cs2SnX6 to date amounts to 2.0% [Fig. 2(e)] and has been
demonstrated along with promising stability in air (a reduction of
only ∼5% of the original PCE in encapsulated devices during a
period of 50 days).39 Nonetheless, the quasi-0D structural and elec-
tronic nature of Cs2SnX6 absorbers (with associated large effective
masses)52 may hamper further progress in their photovoltaic perfor-
mance. Another attractive vacancy-ordered HDP is titanium-based
Cs2TiBr6, which has been shown to deliver a promising PCE of 3.3%
[Fig. 2(e)] in single-junction devices along with good environmental
stability (non-encapsulated devices retain 94% of their initial PCE
after 14 days at 70 ○C in air and under ambient illumination), build-
ing on a quasi-direct gap of 1.8 eV [Fig. 2(d)] and a carrier diffusion
length >100 nm.41 While these results have been recently brought
into question,79 research on the vacancy-ordered A2TiX6 system is
still at its infancy, and many such compounds have never been syn-
thesized to date—which points to the need for further investigation
of this area.
III. CHALLENGES AND OPEN QUESTIONS
Despite the considerable advances in recent years (Sec. II),
further progress in both photovoltaic efficiency and stability is
needed for lead-free perovskite photovoltaics to approach commer-
cial exploitation. In the following (Secs. III A and III B), we provide
our perspective on both of these aspects, discussing the associated
challenges and potential solutions, wherever relevant. Subsequently,
we highlight some key open questions concerning charge trans-
port (Sec. III C), defect tolerance (Sec. III D), and dimensionality
(Sec. III E), whose investigation is critical in order to catalyze further
progress in lead-free perovskite photovoltaics.
A. Photovoltaic efficiency
Tin-based perovskites motivate further efforts in their explo-
ration for use in single-junction solar cells. While they have achieved
the highest photovoltaic performance to date (13.24%) of all lead-
free perovskites, their bandgap values point to a single-junction
Shockley–Queisser efficiency limit of ∼32% [Fig. 2(e)], thereby sug-
gesting considerable scope for improvement. Importantly, the short-
circuit current of the best performing tin-based perovskite solar cells
to date is consistently close to the Shockley–Queisser limit (Fig. 3),
indicating efficient photocarrier generation and collection at the
contacts. The gap between the reported performance of ASnX3 cells
and their Shockley–Queisser limit can be traced to a Voc deficit of∼0.4 V, as shown in Fig. 3.11 This Voc deficit can be attributed to a
high defect density, which leads to non-radiative recombination—as
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FIG. 3. Reported short-circuit current
(left) and open-circuit voltage (right)
of representative lead-free perovskite
solar cells under AM 1.5G illumina-
tion.11,18,20,21,23,25,29–32,35,37,39–50 The
short-circuit current and open-circuit
voltage in the Shockley–Queisser limit
(for single-junction devices under AM
1.5G illumination) are also shown for the
sake of comparison.
also confirmed by the fact that the best performing devices have an
ideality factor 1 < n < 2.11 All of this indicates that the outstanding
challenge in ASnX3 photovoltaics research concerns the develop-
ment of refined defect passivation protocols. Based on recent devel-
opments, it can be envisaged that this should not be pursued through
standalone strategies, but instead through a holistic approach. Defect
passivation protocols should combine the compositional and mor-
phological optimization of the photoactive layer (through A-site
cation mixing and additive incorporation), the enhancement of its
stability against oxidation, and the use of a dedicated device stack
that minimizes interfacial recombination. In particular, 3D systems
with mixed cations and mixed 2D/3D systems are highly promis-
ing in order to achieve low defect density and good stability, pro-
vided that additives are also used to aid film formation and enhance
crystallinity.
In addition to non-radiative losses, future efforts in tin-based
perovskite research should also be directed at ascertaining and tack-
ling the Voc deficit associated with their energetic disorder. For the
sake of illustration, Jiang et al. recently reported that their opti-
mized tin-based perovskite films (which deliver one of the highest
PCEs, i.e., 12.4%, and a record-high Voc of 0.94 V) have an Urbach
energy of 65 meV,25 which is expected to result in a Voc deficit
of several hundreds of meV.2 It is worth noting that significantly
lower Urbach energy values (16 meV–32 meV) were observed from
CsSnI3−xBrx, albeit in association with a much lower Voc.80 Con-
sidering that energetic disorder has been seldom reported in the
tin-based perovskite literature, it is apparent that an important pri-
ority is to explore the impact of processing and composition on
the energetic disorder and the associated Voc deficit of tin-based
perovskites.
Germanium-based AGeX3 perovskites have thus far delivered
the lowest PCE of all lead-free perovskite systems discussed herein
[Fig. 2(e)]. Their particularly low performance is jointly due to sig-
nificant losses in both Voc (Voc ≈ 0.5 V) and Jsc (Jsc ≈ 2 mA/cm2)
(Fig. 3). The particularly low efficiency of germanium-based AGeX3
perovskite solar cells can be traced to the presence of deep lev-
els,29,81 in addition to their rapid degradation due to oxidative insta-
bility. All of this indicates a considerable analogy with additive-
free ASnX3 perovskites, suggesting that future efforts in AGeX3
photovoltaics may require the development of material stabilization
protocols as well as defect-healing strategies based on additives and
compositional engineering.
Tin–germanium perovskites have achieved much higher effi-
ciencies than the germanium-only system (i.e., AGeX3). Their PCE
values (∼7%) are significantly lower than the Shockley–Queisser
limit, however [Fig. 2(e)]. Their Jsc is in a similar range as the
tin-based counterparts (Fig. 3), thereby leaving some scope for
improvement. However, the major challenge with tin–germanium
perovskites to date is their Voc deficit, which is greater than 0.5 V
(Fig. 3). Considering that the recently reported increase in the effi-
ciency of tin–germanium perovskite solar cells has been traced to
a stability enhancement against oxidation as well as to trap passi-
vation,31,32 it can be foreseen that tin–germanium perovskite solar
cells could potentially deliver higher efficiency through the adoption
of a holistic approach to trap passivation and stabilization (along
similar lines as pursued with ASnX3). In addition to non-radiative
recombination losses, however, the reported large Urbach energy
(in the region of 50 meV for polycrystalline thin films)82 points to
the urgency of also reducing the energetic disorder as a means of
boosting Voc and the overall PCE.
Despite the recent progress in antimony-based and bismuth-
based A3B2X9 perovskite derivatives, their photovoltaic perfor-
mance is still appreciably lower than their Shockley–Queisser
limit—with no significant difference between antimony-based and
bismuth-based absorbers [Fig. 2(e)]. Their Jsc is significantly lower
than the Shockley–Queisser limit (Fig. 3), indicating significant
losses in charge generation and/or collection, notwithstanding the
widespread use of a mesoporous device structure. However, in
one particular instance in which a 2.5D system (Rb3Sb2I9) was
employed, a Jsc up to ≈50% of the Shockley–Queisser limit was
reached (Fig. 3), remarkably with a planar device structure.38 In
terms of Voc, the gap between the reported values and the corre-
sponding Shockley–Queisser limit is significantly more severe (often>1 V), with 0.5D bismuth-based systems performing better than
0.5D and 2.5D antimony-based systems (Fig. 3). Additionally, while
2.5D systems have been generally regarded as superior (e.g., they
can provide improved charge transport within their sheets of octa-
hedra and are expected to be more defect-tolerant),55,59,83 interest-
ingly, such systems have only been investigated in very few instances.
Notably, all 2.5D antimony-based and bismuth-based embodiments
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have been explored with their sheets of octahedra either predomi-
nantly parallel to the substrate or randomly aligned,37,38,42,43,47,55,59,63
likely resulting in enhanced recombination losses. Therefore, it can
be envisaged that their efficiency could be significantly improved by
further exploring 2.5D A3B2X9 systems—in particular by develop-
ing deposition strategies for the realization of films with the sheets
of octahedra aligned in the out-of-plane direction.37,38 Addition-
ally, while the energetic disorder has been scarcely characterized in
bismuth-based and antimony-based absorbers, Urbach energy val-
ues in the region of 60 meV or larger have been reported for some
of these materials.56,63 This indicates the future efforts in reducing
the Voc deficit should also aim at improving composition, deposi-
tion conditions, and device structures toward the minimization of
the energetic disorder.
The efficiency of cation-ordered Cs2AgBiX6 HDPs thus far has
been well below the Shockley–Queisser limit for single-junction cells
[Fig. 2(e)]. This is primarily determined by a considerably low Jsc,
which is often less than 1/3 of the Shockley–Queisser limit, while
the Voc deficit has been comparatively moderate (in some instances
of ≈0.6 V) (Fig. 3). The Jsc deficit can be traced to the indirect gap
of the cation-ordered double perovskites explored to date, which
leads either to a suboptimal light collection for particularly thin films
or to an inefficient charge collection for thicker films intended to
boost light absorption. Additionally, their absorption spectra man-
ifest obvious excitonic effects near the absorption edge [Fig. 2(d)],
which may further reduce the photogeneration efficiency. Therefore,
the search is still open for alternative cation-ordered HDPs inher-
ently suitable for single-junction photovoltaics—especially with a
direct gap and with a higher electronic dimensionality than elec-
tronically 0D Cs2AgBiX6—confirming that this area is at its infancy.
Considering the wealth of additional absorbers that have been pre-
dicted (some of which are expected to have desirable optoelectronic
properties)76 but have not been explored to date, further progress
in cation-ordered HDPs requires first and foremost the synthe-
sis and characterization of such materials. Furthermore, despite
their smaller direct gaps, vacancy-ordered HDPs have also deliv-
ered PCE and Jsc values much lower than the Shockley–Queisser
limit [Figs. 2(e) and 3]. While research on vacancy-ordered HDPs
is still in its nascent stage and further optimization of the synthe-
sis and deposition conditions may be needed to boost their photo-
voltaic performance, current indications of their defect-intolerance
and poor charge transport may ultimately limit the scope of these
efforts.66
Regardless of the specific lead-free perovskite considered, pho-
tovoltaic performance is influenced considerably by the morphol-
ogy of the photoactive layer. This aspect is of primary importance
because the photoactive layers employed in lead-free perovskite
photovoltaics are generally polycrystalline and typically deposited
through solution-based methods. Control of the processing con-
ditions (e.g., solvent selection, solution concentration, and anneal-
ing temperatures) and the specific methodology adopted (e.g., one-
step spin-coating, antisolvent processing, solvent-vapor annealing)
are, therefore, key to obtaining, first of all, compact and uniform
films, given that pinholes are detrimental to photovoltaic efficiency
due to their shunting effect.84 Additionally, grain boundaries are
to be minimized, as they provide a barrier to charge transport
and may also contain a high density of defect states acting as
recombination centers. The deposition of high-quality films (i.e.,
compact and with grain size in the region of 1 μm) of tin-based
perovskites requires considerable efforts (e.g., solvent engineering
and the identification and optimization of suitable additives),18,20
given the fast crystallization rate of such perovskites during solution
processing.12 This endeavor has allowed tin-based perovskites to
reach a film quality approaching that of state-of-the-art lead-based
perovskites,85,86 thereby playing an important role in enabling them
to deliver the highest efficiencies among lead-free perovskites.18,44
By contrast, the film morphology of other classes of lead-free per-
ovskites is yet to approach similar levels. For instance, in the case
of double perovskite Cs2AgBiBr6, progress in photovoltaic effi-
ciency has been achieved through films with grain size in the
region of 400 nm, which were obtained through the optimization
of antisolvent processing and high-temperature annealing.40 In the
case of Bi-based and Sb-based A3B2X9 absorbers, research efforts
have primarily relied on films with suboptimal morphology, with
grain size often much less than 100 nm and/or imperfect cover-
age.35,37,45,46 While the challenge of depositing films of Bi-based
and Sb-based A3B2X9 absorbers without a large number of pin-
holes has been addressed through several methods (e.g., dissolution–
recrystallization,46 solvent-vapor annealing,37 vapor assisted solu-
tion process45), the grain size of the resultant films is well below 1
μm. As illustrated by the work of Li et al. for the case of Rb3Sb2I9,38
boosting the grain size of such perovskite derivatives has a consid-
erable impact on the photovoltaic performance and requires ded-
icated processing protocols (e.g., reduced-supersaturation anneal-
ing and high-temperature vapor annealing) that strike a balance
between crystallization and nucleation rates. This generally repre-
sents an outstanding challenge in cation-ordered double perovskites
and Bi-based and Sb-based A3B2X9 photovoltaics. Therefore, it can
be envisaged that a considerable enhancement in their photovoltaic
efficiency could be realized through the development of process-
ing protocols delivering films with grain size in the micrometer
range.
As a final point on the challenges thus far encountered
with regard to the photovoltaic efficiency of lead-free perovskite
absorbers, interfacial recombination and inefficient extraction at
the transport layers and contacts may also be currently limiting
their photovoltaic performance—in addition to the bulk recombi-
nation properties discussed earlier. This relates to the choice of
transport layers, which are typically drawn from lead-based per-
ovskite research, hence may be suboptimal for lead-free perovskite
absorbers. Therefore, further progress in the photovoltaic efficiency
of lead-free perovskites will also require the investigation of interfa-
cial recombination effects and the exploration and optimization of
dedicated charge transport layers.
B. Stability
The search for inherently stable absorbers—beyond the limi-
tations of mainstream lead-halide perovskites—has been an impor-
tant driving force in the exploration of lead-free halide per-
ovskites. While several solutions have been developed over time to
improve the stability of inherently unstable Sn2+-based absorbers
(see Sec. II A), many double perovskites as well as bismuth-based
and antimony-based A3B2X9 absorbers have demonstrated inher-
ent stability, based on indications from both thin-film proper-
ties and device performance (see Secs. II C and II D). In fact,
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an important remaining challenge in the development of stable
lead-free perovskite solar cells suitable for commercialization (aside
from the obvious efficiency requirements) arises from the diver-
sity of approaches that have been used to date to characterize their
photovoltaic stability. This has been particularly limiting because
it has prevented (a) the benchmarking of the photovoltaic sta-
bility of the manifold lead-free absorbers explored to date; (b)
the identification of the best candidates for highly stable lead-
free perovskite photovoltaics; and (c) the assessment of the gap
that still needs to be bridged for lead-free perovskite photovoltaics
to approach commercialization. In light of the standardized pro-
tocols for the stability characterization of halide perovskites that
have been proposed recently,87 it is therefore highly desirable that
future studies on lead-free perovskite photovoltaics may assess sta-
bility through these protocols. Indeed, this would pave the way
for a systematic understanding of stability issues in lead-free per-
ovskite absorbers, ultimately enabling the optimization of systems
with a promising stability profile toward commercialization-ready
levels.
C. Defect parameter characterization and
experimental screening for defect tolerance
A guiding light in the search for lead-free perovskite absorbers
with promising optoelectronic potential has been the develop-
ment of absorbers that may have a defect-tolerant character, i.e.,
insensitivity to the defects inevitably present in low-temperature-
deposited semiconductor thin films. In electronic terms, defect-
tolerant semiconductors may present defect states that either are
shallow and with small capture cross sections or fall within the
energy bands.88 Extrapolating from lead-halide perovskite studies,
the search for defect-tolerant lead-free perovskite absorbers has tar-
geted materials based on large, highly polarizable metal cations with
ns2 outer orbitals.88–90 In this regard, computational studies have
offered highly valuable indications on the compositions that are
potentially most promising from the point of view of defect tol-
erance.91,92 However, conclusive evidence on the defect tolerance
of the manifold classes of lead-free perovskite absorbers should
be sought experimentally—as a means of validating the indica-
tions drawn from computational studies as well as a tool to ratio-
nally develop compositions and deposition strategies for higher
photovoltaic performance. In fact, the experimental assessment of
defects in lead-free perovskites has been primarily phenomenolog-
ical to date, relying on techniques that provide only a measure of
the total volumetric defect density (e.g., basic space-charge-limited-
current characterization),40,60,93 or on indicators that largely relate
to defect tolerance but do not constitute a univocal measure of the
same (e.g., photoluminescence lifetime).19,20,94 By contrast, a thor-
ough experimental evaluation of defect tolerance in lead-free per-
ovskite absorbers—in terms of defect densities, characteristic ener-
gies, and capture cross sections—has not been pursued to date.
Importantly, the experimental assessment of the defect properties
of lead-free perovskite absorbers would aid the identification of
those that have high photovoltaic potential and concurrently offer
rational criteria for the development of processing protocols for
defect state passivation. Therefore, the investigation of experimen-
tal approaches for the characterization of the defect parameters of
lead-free perovskites is a key priority in lead-free perovskite photo-
voltaics research.
D. Charge transport characterization
Charge transport plays an essential role in photoconver-
sion, allowing photocarriers to be collected prior to undergoing
recombination. Therefore, charge transport data on lead-free per-
ovskite absorbers are of primary importance in order to rationally
approach the optimization of their photovoltaic performance. How-
ever, experimental charge transport data reported to date from lead-
free perovskites are sparse and incomplete, ultimately preventing the
identification of relevant trends and hampering the development of
solutions for high-performance photovoltaics.
Most experimental charge transport data on lead-free per-
ovskites have been obtained through space-charge-limited current
(SCLC) characterization. Importantly, SCLC data are typically pre-
sented in the single-sweep mode (e.g., forward scan only), pre-
venting the appraisal of any possible hysteretic effects and other
non-idealities that may result from the large fields applied in such
measurements and from the possible presence of mixed (electronic–
ionic) conductivity. A recent study by Duijnstee et al. has pointed
out that single-sweep SCLC transport characterization of halide per-
ovskites may lead to a rather inaccurate assessment of their charge
transport properties.95 Additionally, the validation of SCLC data
against the expected thickness dependence (e.g., with the inverse
cube of the thickness, as per the Mott–Gurney law)—a tenet of
robust SCLC transport analysis—is usually lacking. To ensure the
accurate determination of charge transport data, it is therefore rec-
ommended that future SCLC investigations on lead-free perovskite
absorbers should adopt (a) a double-sweep routine (i.e., compris-
ing both forward and reverse scans), including pulsed biasing if
hysteretic effects are pronounced,95 and (b) the validation of the
measured SCLC data against the expected model dependence on the
semiconductor layer thickness.
Hall effect characterization is another approach that has also
been widely adopted to experimentally determine the mobility of
lead-free perovskite absorbers.11,21,32,37,38,63,77,96–102 While its use with
comparatively high-mobility and low-resistivity semiconductors is
well-established, Hall effect characterization with a direct-current
(DC, i.e., constant) magnetic field presents inherent challenges—
and could be heavily impacted by measurement artifacts—when
applied to high-resistivity, low-mobility (<1 cm2 V−1 s−1) semicon-
ductors.103,104 Taken aside the case of moderate/high-conductivity
tin–germanium-based and tin-based perovskites,32,77 DC-magnetic-
field Hall effect characterization has nonetheless been pursued also
with moderate/high-resistivity bismuth-based and antimony-based
perovskite derivatives.63,105 Considering that high-resistivity materi-
als may lead to considerable experimental errors in the Hall effect
parameter extraction,104 it is advisable that future studies based on
DC-magnetic-field Hall effect experiments should validate their data
by critically assessing whether the expected trends are verified (e.g.,
in regard to the dependence of the carrier density and the Hall
mobility on the magnetic field). On the other hand, Hall effect char-
acterization relying on a modulated (AC) magnetic field has been
demonstrated to offer a viable route to the characterization of low-
mobility materials, down to a mobility range of 0.001 cm2 V−1 s−1.103
Such an AC characterization has been successfully reported in a few
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instances in the recent literature on lead-free perovskites37,38,101,102
and has the potential to become an attractive and widespread
route to the charge transport characterization of lead-free perovskite
absorbers.
E. Electronic dimensionality
In the search for high-performance lead-free perovskite
absorbers, electronic dimensionality has been recognized as a key
determinant of photovoltaic potential.52 Indeed, higher electronic
dimensionality has been related to superior charge transport prop-
erties, a higher defect tolerance, and reduced excitonic effects. Elec-
tronic dimensionality is determined by the connectivity of the
orbitals contributing to the conduction and valence band edges.
In many cases, electronic dimensionality overlaps with structural
dimensionality (i.e., the structural connectivity of the perovskite net-
work), e.g., as in 3D ASnX3 and 0D Cs2SnX6. Along the same lines,
bismuth-based and antimony-based A2B3X9 systems are electroni-
cally 0.5D or 2.5D, depending on whether they are in their dimer or
layered phase, respectively. Finally, in contrast to their structurally
3D character, cation-ordered double perovskites such as Cs2AgBiX6
are electronically 0D.
All things considered, apart from the electronically 3D ASnX3
system (and taken aside the AGeX3 system due to its inherent
stability limitations), bismuth-based and antimony-based layered
A2B3X9 absorbers have the highest electronic dimensionality (2.5D)
of all lead-free perovskites developed to date. This first highlights
that the potential of antimony-based and bismuth-based A3Sb2X9
absorbers should not be dismissed by narrowly referring only to
their dimer-phase embodiments. It is of course puzzling that the
PCE values of 2.5D A3Sb2X9 and A3Bi2X9 absorbers reported to
date are, in fact, on par with or slightly lower than those of the
0.5D (dimer-phase) counterparts, as well as of the electronically 0D
cation-ordered and vacancy-ordered double perovskites [Fig. 2(e)].
However, the literature on layered A3Sb2X9 and A3Bi2X9 reveals that
their higher dimensionality compared to other classes of lead-free
perovskites has not been truly exploited to date. Indeed, the pho-
tovoltaic implementations of layered A3B2X9 demonstrated up to
now have been realized with the planes of octahedra either pre-
dominantly parallel to the substrate or randomly oriented. There-
fore, an outstanding question that needs to be addressed in order
to exploit the 2.5D dimensionality of layered antimony-based and
bismuth-based A2B3X9 absorbers pertains to the development of
deposition strategies for the favorable orientation of their planes of
octahedra.
An additional dimensionality-related question that still needs
to be addressed concerns the development of halide double per-
ovskites that are electronically 3D (cf. electronically 0D character of
Cs2AgBiX6). While some compositions with a low-toxicity profile
that are expected to be electronically 3D have been proposed (e.g.,
indium–bismuth double perovskites),106,107 to the best of our knowl-
edge, no photovoltaic implementations based on such absorbers
have been reported to date. Therefore, an important priority in
halide double perovskite research pertains to the exploration of the
photovoltaic properties of double perovskite embodiments that are
electronically 3D, which are anticipated to enable a considerable
increase in photovoltaic efficiency.
IV. OPPORTUNITIES
Lead-free halide perovskites are meant to address the toxicity
concerns associated with their lead-based counterparts and concur-
rently provide opportunities for green photovoltaics. While lead-free
perovskite research has thus far focused narrowly on investigating
their capability for single-junction outdoor solar harvesting,108 in
fact, lead-free perovskites are potentially suitable for other appli-
cations in both indoor and outdoor photovoltaics (Fig. 4). Impor-
tantly, this potential is still largely unexplored. In this section, we
present these photovoltaic opportunities, highlighting promising
areas for future investigations that could enable lead-free perovskites
to deliver their full photovoltaic potential.
A. Tandem photovoltaics
Lead-free perovskites are highly promising for silicon–
perovskite tandem cell configurations. In consideration of their
bandgap of ≈2 eV, lead-free absorbers with significant potential for
perovskite–silicon tandem cells are antimony-based and bismuth-
based A3B2X9 perovskite derivatives, as well as cation-ordered dou-
ble perovskites Cs2AgBiX6. The latter are particularly attractive also
because of their comparatively large Voc of ≈1 V under solar illu-
mination. In regard to germanium-based perovskites, a potential
route to tandem perovskite–silicon photovoltaics could be explored
by pursuing wide-gap compositions through lighter halogens and/or
alternative A-site cations.28,29 In all of these cases, single or few layer
graphene and 2D material electrodes may represent valid alterna-
tives to the ITO top electrode and interconnection layer between
the top perovskite and the bottom silicon cell, given the low trans-
parency of ITO to near-infrared photons.
B. Indoor photovoltaics
The emergence of the Internet of Things (IoT)—with the rise of
compact and energy-autonomous electronic devices such as wireless
sensors and radio-frequency identification (RFID) tags—is expected
to benefit from the availability of energy harvesters either in com-
bination with or as an alternative to small energy storage devices
(batteries, supercapacitors) in order to power the sensors and com-
municate via standard wireless radio modules and active RFIDs.
Small (few cm2) photovoltaic devices are expected to be commer-
cialized for integration in IoT applications and represent a growing
market opportunity for new technologies offering thin and flexi-
ble form factors. Photovoltaic cells located indoors with no access
to solar illumination operate by harvesting the energy emitted by
artificial light sources, with an illumination intensity 3 orders of
magnitude lower than solar illumination, and different radiation
spectra in the visible range depending on the light source. The opti-
mum bandgap of photovoltaic absorbers required to match the emis-
sion spectra of both compact fluorescence lamps and white LED
lamps is around 2.0 eV.109 Importantly, this requirement matches
the bandgap of many lead-free perovskites and derivatives (e.g.,
Cs2AgBiX6, antimony-based and bismuth-based A3B2X9). More-
over, considering the comparatively low illumination levels relevant
to indoor photovoltaics, the most promising absorbers are those
that can deliver an ideality factor n close to unity, which requires
the minimization of the bulk and interfacial defect state concentra-
tions.2,110 All things considered, the wide-bandgap nature of many
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FIG. 4. Photovoltaic opportunities for lead-free perovskites.
lead-free perovskites points to their considerable potential as a green
route to indoor photovoltaics and concurrently motivates future
efforts toward deposition protocols enabling photoactive layers with
a minimal concentration of recombination centers.
C. Building-integrated photovoltaics and transparent
photovoltaics
The incorporation of transparent or semitransparent photo-
voltaic devices in different parts of buildings (e.g., facades, roofs,
windows) opens up the prospect of harvesting solar energy while
serving the esthetic and functional needs of the end-users. Lead-
free perovskites come with colors covering different regions of the
visible range, thereby providing attractive opportunities for color-
tunable building-integrated photovoltaics (BIPV) applications in
architectural design. In regard to transparent photovoltaics (TPV)
for window applications, lead-free perovskites with a direct gap of
around 2.7 eV would be particularly attractive in order to ensure
high average visible transparency (AVT). Additionally, the adoption
of indirect-gap double perovskite absorbers (e.g., Cs2AgBiX6) pro-
vides the opportunity to achieve high AVT with an optical gap of
2.0 eV, thereby concurrently allowing for the harvesting of visible
light photons.111 Finally, the full potential of lead-free perovskites
for transparent photovoltaics could be realized by pursuing tandem
configurations in combination with cells (e.g., organic) that absorb
near-infrared photons.
V. CONCLUSIONS
Lead-free perovskites provide an attractive combination of
perovskite-related optoelectronic properties with a generally low-
toxicity profile. In recent years, considerable progress has been
achieved in lead-free perovskite photovoltaics, notwithstanding a
research effort of an incomparably smaller scale than that driv-
ing lead-based perovskite photovoltaics. Tin-based perovskites have
delivered by far the highest single-junction PCE (≅13%) of all
lead-free perovskites to date, and it can be envisaged that they
may become an attractive technology provided that their stabil-
ity is further improved and their toxicity profile is fully assessed.
Another promising single-junction photovoltaics technology is rep-
resented by tin–germanium perovskites. Antimony/bismuth-based
perovskite derivatives and double perovskites offer highly promis-
ing stability indications, but they require further development at
the materials, processing, and device levels to further boost their
performance.
In addition to general strategies that may lead to higher photo-
voltaic performance, in this Perspective, we have discussed a num-
ber of key open questions that pertain to the incomplete exper-
imental assessment of the optoelectronic properties of lead-free
perovskite absorbers. This involves first the widespread lack of
Urbach energy data, which prevents detailed photovoltaic model-
ing and analysis of the dominant Voc loss mechanism. Addition-
ally, charge transport data are widely lacking, and the reliability
of the charge transport data reported to date may require a criti-
cal re-assessment. A detailed experimental defect characterization
of lead-free perovskites—aiming at the quantitative evaluation of
defect densities, energies, and capture cross sections—has not been
pursued to date, limiting the assessment of their defect tolerance,
a property that closely relates to their photovoltaic potential. The
impact of dimensionality and crystallographic orientation has not
been fully assessed and exploited. Furthermore, standardized device
stability data from lead-free perovskite solar cells are generally lack-
ing, preventing the rational identification of the absorbers that are
most promising from a stability point of view. All of these ele-
ments point to the need for a concerted effort toward a more in-
depth experimental assessment of the optoelectronic properties and
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stability of lead-free perovskite absorbers. By enabling detailed
insight, such an effort would allow the identification of promising
structures, compositions, and deposition protocols, ultimately cat-
alyzing further progress in photovoltaic performance and stability.
While the bulk of the research on lead-free perovskites has nar-
rowly focused on compositions and structures suitable for single-
junction outdoor photovoltaics, this Perspective brings to the fore
the manifold photovoltaic applications to which lead-free per-
ovskites are also relevant. These involve tandem photovoltaics,
indoor photovoltaics, and building-integrated and transparent pho-
tovoltaics. Importantly, these areas feature spectral requirements
different from those of single-junction outdoor photovoltaics and
may potentially offer a better match with the properties of many
classes of lead-free perovskites. Therefore, we believe that for the
full photovoltaic potential of lead-free perovskites to be realized,
efforts should be directed at photovoltaic applications for which
these absorbers truly represent an opportunity.
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